Abstract -We study swift heavy ion track formation in α-quartz using the two-temperature molecular dynamics (2T-MD) model realised as a concurrent multiscale scheme. We compare the simulated track radii to the existing experimental ones obtained from small angle x-ray scattering and Rutherford backscattering experiments. The 2T-MD model provides an explanation of the origin of the track radii saturation at high electronic stopping power. Furthermore, we study the track structure and show that defects formed outside the region of density fluctuations after a swift heavy ion impact may explain the conflicting track radii produced by the two experimental techniques.
discrepancy. We obtain a good quantitative agreement away from the commonly used free electron gas approx-28 imation [19] for the excited electrons, we build a more 29 realistic two-temperature description for band-gap mate-30 rials for track simulations, resulting in a fitting parameter 31 free model.
32
The two-temperature model is used to describe a non-33 equilibrium state of matter with initially different elec-34 tronic (T e ) and ionic temperatures (T i ), formed follow- 35 ing an irradiation event. The spatiotemporal evolution of 36 these two temperatures is assumed to be linked by the en-37 ergy exchange term proportional to the effective electron-38 phonon (e-p) coupling strength, G [20, 21] . The model 39 was successfully used to describe laser-matter interaction 40 in metals [22] . Its inelastic thermal spike variant (which 41 assumes inelastic scattering of a projectile SHI of electrons 42 of a target material, leading to a high local T e ) was used 43 to model SHI interaction with metals, semiconductors [23] 44 and insulators [24, 25] .
45
2T-MD combines a continuum model of the electronic 46 energy transport and storage with classical MD [26] in a 47 concurrent multiscale scheme. The electronic temperature 48 (T e ) is assumed to evolve according to a heat diffusion 49 equation: 
Here, [32] and a similar effect is expected in band-gap materi-106 als. In contrast to calculations for metals (such as the 107 one in Ref. [42] ), the standard DFT methods to obtain G 108 for band-gap materials do not yet exist and therefore it is 109 often fitted to yield the correct damage radius.
110
Moreover, the previous calculations [19] are performed 111 so that when the temperature of the electrons becomes 112 lower than that of the ions, the coupling between the two 113 subsystems is turned off. Although rather arbitrary, this 114 was considered necessary due to the following considera-115 tion. Throughout the simulation the thermal energy of 116 the ions is too small to excite electrons to the conduction 117 band (k b T << E g ). Not much energy transfer can there-118 fore occur from the ions to the electrons. The procedure 119 is not needed when used a fixed relaxation time τ and a 120 heat capacity that is calculated as a function of electronic 121 temperature. We estimate the parameter G as a function 122 of electronic temperature: G(T e ) = C(T e )/τ . The energy 123 exchange between ions and electrons is then low at small 124 temperatures (below 50 000 K) since the heat capacity is 125 low.
126
The relaxation time τ can be directly obtained using a 127 femtosecond laser together with ARPES [43] Out of all the parameters in the 2T-MD model, the 136 electronic diffusivity is the most poorly known. Here, 137 we obtain it with the following rationale. The thermal 138 spike is assumed to occur under charge neutrality, and so 139 produces no net current of charge. Hence the Einstein-140 Smoluchowski relation holds, and the product of elec-141 tron velocity and mean free path can be expressed as 142 p-2 the experiments. We also tested that the agreement is not 149 sensivitive to small (10 %) changes in the value.
150
The energy source term A 
where ρ max is the maximum density of the overdense shell, 175 ρ 0 is density outside of the track and r t is the track ra-176 dius. The parameter ∆r t characterises the width of the 177 transition from the modified density to the bulk density 178 and therefore serves as an error estimate for the track ra-179 dius. The track radii obtained from these fits reflect well 180 the radius of the amorphized region, as seen from the cir-181 cles in figure 3 and the error corresponds to the error in r 182 from a repetitive, randomized MD simulation for a single 183 datapoint.
184
The RBS-c measurements can be used to obtain the 185 ratio of pristine channels to defected ones. With the as-186 sumption that the damage is contained in a cylindrical 187 region, this data can be used to calculate the track radius. 
198
The reason for the saturation can be immediately seen 199 from the inset in Fig.2 . After 15 keV / nm, the energy 200 density in the vicinity of the ions passing point does not 201 increase linearly anymore, but saturates. The saturation is 202 therefore a consequence of the velocity effect, which follows 203 from the delta-ray production formulas. That is, for ions 204 with equal stopping power, the one with a higher velocity 205 will deposit its energy in a broader area. This reflects the 206 fact that increasing the ion velocity will also increase the 207 electron velocity in a collision and lead to a longer electron 208 range.
209
While not both RBS-c datasets indicate saturation, it 210 can be seen that the RBS-c radii are systematically higher 211 than the SAXS radii at high stopping powers. To analyze 212 the cause of this difference, we have plotted the radius at 213 which the defect concentration falls below 1% as measured 214 from the center of the track in figure 4. This threshold was 215 chosen based on a reasonable error limit in a RBS-c experi-216 ment [54] in defect sensitivity for a qualitative comparison. 217 It can be seen that at high stopping powers, the defected 218 track extends to a notably larger region than the one with 219 density fluctuations. We find these observations as com-220 pelling evidence to explain the discrepancies between the 221 p-3 In conclusion, we have studied track formation in sil-225 icon dioxide using two-temperature molecular dynamics.
226
We have shown that within this model, the SAXS mea-227 surements of the track radius can be faithfully reproduced. [18] and that in the calculations surface stopping powers are used for simplicity. Therefore the SAXS track radii errorbars are constructed from track polydispersity (change in track radius along the track) and its error. The lines are polynomial fits to the simulation data points to guide the eye. The empty circles indicate a radius at which the defect concentration falls below 1% in the simulations.
ing materials, provided that an accurate electronic heat 236 capacity is given, and implemented with an atomistic de-237 scription of the lattice melting and defect formation. 
